ABSTRACT: A novel three-dimensional (3D) metallic metamaterial structure with asymmetric transmission for linear polarization is demonstrated in the infrared spectral region. The structure was fabricated by direct laser writing and selective electroless silver coating, a straightforward, novel technique producing mechanically and chemically stable 3D photonic structures. The structure unit cell is composed of a pair of conductively coupled magnetic resonators, and the asymmetric transmission response results from interplay of electric and magnetic responses; this equips the structure with almost total opaqueness along one propagation direction versus satisfying transparency along the opposite one. It also offers easily adjustable impedance, 90°one-way pure optical activity and backward propagation possibility, resulting thus in unique capabilities in polarization control and isolation applications. We show also that scaling down the structure can make it capable of exhibiting its asymmetric transmission and its polarization capabilities in the optical region. KEYWORDS: metamaterials, chiral media, split-cube resonators, asymmetric transmission, direct laser writing E lectromagnetic metamaterials (MMs) are artificial complex materials composed of subwavelength-scale building blocks and having electromagnetic (EM) properties beyond anything that can be found in nature; these properties are due mainly to the geometric structure of the MM building blocks (often called "meta-atoms") and less due to their constituent materials. Adjusting properly the MMs' geometrical features, one can achieve properties such as negative refractive index, magnetism at optical frequencies, perfect absorption, and enhanced optical nonlinearities. Driven by these properties, several applications of two-dimensional (2D) and threedimensional (3D) metamaterials have been proposed, including subwavelength resolution imaging systems, compact polarization control elements, cloaking devices, filters, absorbers, sensors, and biosensors.
lectromagnetic metamaterials (MMs) are artificial complex materials composed of subwavelength-scale building blocks and having electromagnetic (EM) properties beyond anything that can be found in nature; these properties are due mainly to the geometric structure of the MM building blocks (often called "meta-atoms") and less due to their constituent materials. Adjusting properly the MMs' geometrical features, one can achieve properties such as negative refractive index, magnetism at optical frequencies, perfect absorption, and enhanced optical nonlinearities. Driven by these properties, several applications of two-dimensional (2D) and threedimensional (3D) metamaterials have been proposed, including subwavelength resolution imaging systems, compact polarization control elements, cloaking devices, filters, absorbers, sensors, and biosensors. 1−5 An unusual and counterintuitive phenomenon that becomes possible with metamaterials and has attracted recently considerable attention is that of asymmetric transmission (AT), i.e., different transmission of a polarized wave if sent by the two opposite sides of a metamaterial slab. This diodelike response, which originates from the different wave− structure coupling if the wave originates from the two opposite sides of the slab, does not violate Lorenz's reciprocity theorem and can find use in many EM wave manipulation devices such as polarization rotators, 6 isolators, and circulators. 7 The possibility of asymmetric transmission in reciprocal structures was discussed first in the context of 2D planar chiral metamaterials, where asymmetric transmission for circularly polarized waves was observed. 8−11 This asymmetric transmission originates from the fact that an incident circularly polarized wave sees different handedness for the two opposite propagation directions. Many 2D planar metamaterials with asymmetric transmission for circularly polarized waves have been proposed and discussed in the literature, including microwave and THz chiral structures, 8, 9 ,12 chiral plasmonic metamolecules, 13 and general anisotropic 2D structures. 14 These structures though, due to their 2D character, which implies mirror symmetry along the normal to their plane (propagation) direction, do not show asymmetric transmission for linearly polarized waves, 10 restricting thus the possibilities of the asymmetric transmission effect in applications.
To achieve asymmetric transmission for linearly polarized waves, one needs to break the mirror symmetry also along the propagation direction, avoiding simultaneously any C 4 rotational symmetry in the structure plane (considering it normal to the propagation direction). 15 Recently, employing such anisotropic metamolecules, various metamaterial structures showing asymmetric transmission for linearly polarized waves have been proposed and demonstrated, and the conditions relating asymmetric transmission and structure asymmetries have been discussed in detail. 15−19 Most of the AT structures demonstrated to date are structures based on the planar bilayer conductor configuration; that is, the unit cell is formed by a pair of planar conductors, electromagnetically coupled. Transmission asymmetry originates from the asymmetric coupling of electric dipolar resonant modes of the two planar conductors. Despite the ease of fabrication, using such planar structures limits the possibilities offered by fully 3D volumetric structures, which allow a much larger variety of structure designs, allowing much more subwavelength-scale metamaterial resonators and larger flexibility in the coupling between adjacent resonators; not only electromagnetic coupling but coupling via electric-current connections is allowed. Moreover, they allow asymmetric transmission to be generated due to asymmetric coupling of magnetic rather than electric dipole resonances.
The involvement of magnetic resonators, besides electric resonators, in the AT effect offers the potential to adjust at will the structure impedance, matching for example the free space impedance and achieving higher transmission values. Moreover, it offers the potential to combine AT with backward propagation, allowing, for example, backward propagation along one direction versus forward propagation in the opposite direction, leading to a peculiar structure response.
In this work we demonstrate asymmetric transmission generated by magnetic resonance coupling in a 3D volumetric structure based on two perpendicular split-cube resonators (SCRs); see Figure 1 . The structure was fabricated by direct laser writing (DLW) 20, 21 and selective silver coating, 22,23 a technique able to provide fully 3D structures with deepsubwavelength resolution. It operates in the middle infrared (15−40 THz), a frequency region of significant technological interest, where the requirement for EM wave control components is still high, despite substantial recent developments. Our structure, which exhibits asymmetric transmission for linear polarization only (and not for circular), while it is quite transparent along one propagation direction, shows almost total isolation along the opposite direction, providing unique possibilities in polarization isolation applications. To achieve such an isolation response (zero vs high transmission), both the electric and magnetic responses of the split-cube resonator components of the structure were exploited. This involvement of both electric and magnetic resonances equips the structure also with the possibility of one-way 90°pure optical activity, offering additional capabilities for the control of the light polarization. 4, 24 In what follows we present the structure design (Section 2), the fabrication (Section 3, detailed in the Supporting Information), and the methods employed to analyze the electromagnetic response of the structure, both theoretically and experimentally (Section 4). In Section 5 we present the results of the electromagnetic characterization of the structure, which include reflection measurements and simulations combined with transmission simulation and analysis, followed by a detailed discussion of our structure capabilities. Finally, in Section 6 we discuss a miniaturized, nanometer-scale version of the structure, which offers optical (at 750 nm wavelength) asymmetric transmission for linearly polarized light. The paper ends with our conclusions.
■ THE DESIGN
The unit cell of the 3D metamaterial design employed in the present study is shown in Figure 1 . It consists of two split-cube resonator structures rotated by 90°with respect to each other along the z (propagation)-direction. The geometrical structure parameters for the structure as fabricated and characterized experimentally are detailed in the caption of Figure 1 .
As can be seen, the structure lacks mirror symmetry along the x-, y-, and z-directions as well as C 4 rotational symmetry in the x−y plane. It consists of two conductively coupled identical magnetic resonators with the back one (along z) rotated 90°w ith respect to the front one. According to the literature, 17, 18 structures of this symmetry are expected to allow asymmetric transmission for linearly polarized waves only. This comes from asymmetric cross-polarization conversion of a linearly polarized wave incident on the two opposite sides of the slab (along the z-direction) and depends strongly on the polarization of the incident wave in the x−y plane. 
■ STRUCTURE FABRICATION
As was mentioned in the introduction, our structure was fabricated by direct laser writing followed by electroless silver plating. DLW by multiphoton polymerization is a 3D printing technology that allows the fabrication of 3D structures with resolution below 100 nm. Briefly, the beam of an ultrafast laser is tightly focused inside the volume of a transparent and photosensitive monomer, causing it to absorb two or more photons and polymerize locally. By moving the beam in three dimensions inside the photopolymer volume, one can fabricate 3D structures of great accuracy. The photosensitive material used for the fabrication is an organic−inorganic composite, produced by the addition of methacryloxypropyl trimethoxysilane (MAPTMS) to zirconium n-propoxide. 2-(Dimethylamino)ethyl methacrylate (DMAEMA), acting as a metal-binding moiety, was also added and copolymerized with MAPTMS upon photopolymerization. Michler's ketone (4,4-bis(diethylamino)benzophenone, BIS) was used as the photoinitiator. Further information on the fabrication technique and the photosensitive material synthesis can be found in the Supporting Information.
■ ELECTROMAGNETIC CHARACTERIZATION
The experimental EM characterization of the structure discussed here was performed in the frequency region 15−40 THz, through reflection measurements, performed using a Bruker Vertex 70v Fourier-transform infrared spectrometer with a collimated beam, attached to a Bruker Hyperion 2000 infrared microscope and two linear ZnSe grid polarizers. The results of the measurements were compared in all cases with corresponding reflection simulations. For these, we used a commercial three-dimensional full-wave solver (CST Microwave Studio, Computer Simulation Technology GmbH, Darmstadt, Germany) based on the finite element method. We considered in the simulations a single unit cell, as shown in Figure 1 , with periodic boundary conditions along the x-and ydirections, while an incident plane wave propagating along the z-direction was used to excite the structure. For modeling the metallic parts of the structure (silver; yellow color in Figure 1 ) we considered a lossy-metal model with a conductivity of σ Ag = 5.71 × 10 6 S/m, in agreement with previous conductivity measurements. 22 ■ RESULTS AND DISCUSSION Reflection Measurements. Since the 3D SCR structure was fabricated on glass, which is not transparent in the farinfrared region of interest, we characterized the structure experimentally by measuring the reflection rather than the transmission coefficients. The transmission coefficients were concluded indirectly, through simulations. Thus, for a linearly polarized incident wave four reflection components were measured, R xx , R xy , R yx , and R yy , where the first and second lower indices indicate the output and input signal polarizations, respectively, e.g., R xy = E x r /E y i , where E y i is the incident ypolarized electric field and E x r is the reflected x-polarized electric field.
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In Figure 2a −d we present both the experimental (solid lines) and the simulated (dashed lines) copolarized and crosspolarized reflection amplitudes (|R xx |, |R yy | and |R xy |, |R yx |, respectively) for the 3D SCR structure under consideration. One can observe in Figure 2 the very good quantitative agreement between simulations and experiments, indicating the very good quality of the fabrication of the samples (slight disagreements in a few cases are probably due to the better resolution in the simulation compared to the experiment and to the slight sample roughness and imperfections; this is the origin also of the not-well-resolved experimental double dip of simulated R xx around 21.5 THz; the double character of the dip is due to the coupling (leading to splitting) of the magnetic resonant modes of the two SCRs of the unit cell, as we will discuss later). This very good agreement between simulations and experiments also allows us to base the subsequent calculations and analysis on the simulation results.
Transmission Properties: Asymmetric Transmission. In order to study wave propagation and transmission in anisotropic structures like the one discussed here, usually the transmission matrix is employed, T ⃡ , which connects the transmitted with the incident fields as follows: 
In eq 1 propagation of an incident plane wave along the zdirection is considered, and E x t ,E y t denote the x and y components of the transmitted electric field, respectively.
By definition, asymmetric transmission, often symbolized as Δ, is the difference in the transmittance (transmitted intensity divided by the incident intensity) for waves propagating along two opposite directions (in our case the forward (positive) and backward (negative) z-direction), i.e.,
with
where the superscripts f and b denote the forward and backward zdirection, respectively.
Let us consider the incident wave to be a linearly polarized wave polarized along the x-direction, i.e., E y i = 0. The transmitted wave then will have in general both x and y components, and the normalized transmitted intensity will be |
(For a y-polarized incident wave it will be |T| 2 = |T (y) | 2 = |T yy | 2 + |T xy | 2 .) In systems containing only reciprocal materials, like the one studied here, the transmission matrix for the backward propagation direction is connected to the transmission matrix for the forward direction as follows: Thus, the asymmetric transmission for an x-polarized incident wave becomes
shows that, in the case of reciprocal systems, asymmetric transmission is in fact asymmetric cross-polarization conversion between two perpendicular incident wave polarizations. This shows that to evaluate the asymmetric transmission, instead of performing a transmission/reflection experiment (or simulation) for two opposite propagation directions, one can realize the experiment/simulation only for the forward direction and for both x-and y-polarized incident waves.
Following this approach, in Figure 3a we present the simulated transmission components T xx , T yy , T xy , T yx (absolute values) for waves propagating along the positive z-direction in the 3D SCR structure; in Figure 3b we show the total transmitted field amplitude for x and y incident wave polarizations,
, respectively. As can be seen in Figure 3a , in our case T xx = T yy in all frequency regions; this can be concluded also by observing the symmetry of the structure. On the other hand the cross-polarized transmission amplitudes T yx and T xy are quite different, especially in the region centered at 21.5 THz, indicating strong asymmetric transmission. This strong asymmetric transmission for frequencies between 21 and 22 THz is demonstrated clearly in Figure 3b , where the total transmission is shown (note that due to the equality of copolarized transmission amplitudes T xx and T yy , the total transmission for a y-polarized incident wave propagating along the positive z-direction is equal to the total transmission of an x-polarized incident wave propagating in the negative zdirection, i.e., |T (y) f | = |T (x) b |). The strong asymmetric transmission of the structure is highlighted further in Figure 4 , where the parameter Δ is plotted, according to eq 4.
Observing the results of Figure 3b , one should note that, contrary to most of the structures discussed so far in the literature, the asymmetric transmission band here at around f | and |T (y) f |, respectively, propagating in the forward z-direction. Note that for our structure |T (y) f | = |T (x) b |; thus the asymmetric transmission response of the structure for an x-polarized incident wave is demonstrated. 21 .5 THz appears as a pass-band imposed in a broad region of forbidden propagation and transmission (from 0 to ∼28 THz). This broad stop-band is due to a negative permittivity response provided by the metallic cubes that are parallel to the incident electric field direction (the metallic cubes act as a wire-grid polarizer), resulting in small copolarized transmission amplitudes |T xx | and |T yy |, as shown in Figure 3a . The transmission band around 21.5 THz (i.e., the asymmetric transmission band) is due to a magnetic resonance of the parallel to the external magnetic field cubes, coupled to the equivalent magnetic resonance of the perpendicular cubes, and superimposed to the negative permittivity response of the cubes, as we will demonstrate later on. (The double-peak character of that band is a result of the mode-splitting due to this magnetic resonance coupling.)
From the results of Figure 3b one can see also that in the asymmetric transmission band around 21.5 the structure looks quite transparent along one propagation direction and quite opaque if "seen" from the opposite direction (for a linearly polarized wave polarized along one of the principal lattice directions). This "zero" versus "large" transmittance (which results from the large difference between |T xy | and |T yx | combined with the small values of the copolarized transmission amplitudes |T xx | and |T yy | 26 ) is a highly desired feature in polarization control applications.
As was mentioned also earlier, from the results of Figure 3a one can notice that for our structure T xx = T yy . This results in the asymmetric transmission occurring for only linearly polarized waves, while the transmission for circularly polarized incident waves is fully symmetric, as shown in the literature. 15, 17 The asymmetric transmission for linearly polarized waves in this case is a function of the polarization angle, φ, according to the relation Δ (x) = (|T yx | 2 − |T xy | 2 ) cos(2φ). 15 The asymmetric transmission response of our structure can be also indicated, but not definitively concluded, from the reflection measurements and simulations presented in Figure 2 . Taking into account that due to the symmetry of the structure |
is the reflectance of a forward (backward) propagating incident wave polarized along the y-direction (x-direction), and Figure 2 for the reflection components), one can see that in the absence of absorption the asymmetric transmission formula of eq 4 can become
here the superscripts f, b have been omitted for simplicity, since the formula is valid for both forward and backward incidence directions); that is, the asymmetric transmission can be expressed also through reflection amplitudes. This expression though is based on the fact that |R| 2 + |T| 2 = 1, and it is not valid in the presence of absorption. However, for small absorption, a significant difference in the reflection amplitudes |R xx | and |R yy |, as in the case of Figure 2 in the frequency region around 21.5 THz, can be considered as a signature of asymmetric transmission. (Note that the equality of the cross-polarized reflection amplitudes | R xy | and |R yx |, which was assumed above, is a direct result of reciprocity and the structure symmetry. 27 ) Asymmetric Transmission Origin. To investigate the origin of the AT band at ∼21.5 THz, we examined the field distribution in this spectral region. An example is shown in Figure 5b , where we plot the magnetic field amplitude at 21.5 THz for the incident field configuration shown in Figure 5a . The dominant magnetic field direction in the SCRs is indicated with arrows in Figure 5b .
Observing the fields (both amplitudes and phases) for the configuration of Figure 5a (i.e., for an x-polarized incident field) one can see that below 21 THz the structure behaves as a total 
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Article DOI: 10.1021/ph5003818 ACS Photonics XXXX, XXX, XXX−XXX reflector, with its response dominated by the metallic cubes parallel to the electric field, which behave as continuous wires. 28, 29 Approaching 21 THz, a strong magnetic field H y is induced in the parallel to the incident magnetic field SCRs, which induces a strong magnetic field H x in the second (perpendicular) SCRs (due to the physical connection, i.e., the conductive coupling, of the two SCRs), giving rise to a ypolarized transmitted wave. In other words, the incident magnetic field (along the y-direction) excites circulating currents, creating a resonant magnetic dipole moment m y in the first SCR; these currents, due to the physical connection of the two SCRs, lead to a potential difference between the two parallel to x−y plane sides of the second SCR, and this difference is compensated by the circulating current, creating a magnetic moment m x at the second SCR and thus providing cross-polarization conversion. This coupling is different in magnitude if the wave propagates toward the opposite (negative z) direction (note that in the opposite direction to excite the parallel to the incident magnetic field cubes, the incident wave has to "penetrate" a grid of metallic cubes parallel to its electric field; also the generated cross-polarized wave in order to be transmitted needs to "penetrate" a metal cube grid parallel to its electric field; the result is much smaller transmitted intensity). The magnetic resonance origin of the transmission at ∼21.5 THz is confirmed also from the fact that the 21.5 THz frequency almost coincides with the magnetic resonance frequency of a single SCR.
The asymmetric transmission band at ∼21.5 THz implies a combination of magnetic resonance with electric response of wire-like systems, making our SCR system analogous to combined split-ring resonator and wires systems, extensively discussed in previous literature. 29 This analogy suggests some important capabilities of our SCR system: 29 (a) by modifying the cross-section of the SCRs and/or the size of the unit cell one can greatly tune the structure impedance, matching that to the impedance of free space and achieving the highest possible asymmetric transmission through the structure; (b) by modifying the structure one can combine electric and magnetic responses in such a way as to achieve backward propagation in the asymmetric transmission band, thus realizing one-way backward asymmetric transmission components.
Polarization Transformer Response. Analyzing further the response of our structure at the AT band at ∼21.5 THz by examining the transmission matrix components shown in Figure 3a , one can see that an x-polarized incident wave is almost totally transformed to a y-polarized wave when passing through the structure. This indicates a close to 90°"one-way" optical activity of the structure. To confirm this response, we calculated the ellipticity and the optical activity for an xpolarized incident wave transmitted through the structure along the positive z-direction. For the calculation, we followed the approach of ref 29 ; the details are discussed in the Supporting Information. The results are shown in Figure 6 , indicating at the asymmetric transmission band more than 90°pure optical activity, i.e., optical activity associated with close to zero ellipticity of the transmitted wave. This validates the potential of our structure to be used as a 90°one-way polarization converter.
■ NANOMETER-SCALE SCR STRUCTURE
The asymmetric transmission and the resulting polarization control capabilities of the SCR design proposed here prompted us to examine the possibility to apply and exploit the same design also in the optical region. As has been shown quite recently though, 30, 31 the high losses and the large kinetic inductance of the metals in the optical region result in nonscalability of the magnetic resonance response of magnetic metamaterials with the structure size; in particular they lead to weakening and frequency saturation of the magnetic resonance in nanoscale magnetic metamaterials as the present SCR structure. Despite that, as we show here, the asymmetric transmission properties and capabilities of the proposed design can also be achieved and exploited in the optical region. The weakening of the magnetic response and the modification of the electric response of the structure (due to the change in the metal response from IR to visible) result in, besides higher losses, alteration of the structure impedance, making it better matched to the free-space impedance and thus beneficial for the AT response.
By scaling down the design of Figure 1 uniformly by a factor of 100 and calculating the asymmetric transmission response of the resulting structure one achieves the results shown in Figure  7 . Figure 7a shows the transmission amplitudes for a linearly polarized incident wave polarized along the x-and y-direction, while Figure 7b shows the asymmetric transmission parameter Δ, obtained through eq 4. Observing the results of Figure 7 , one can see that the asymmetric transmission here is even larger than that of a similar infrared structure (compare Figure  7b with Figure 4 ) despite the larger losses of the metal in the optical region. This larger transmission is a result of the abovementioned better impedance match of the structure with its environment, associated with smaller reflectance. (A related slight disadvantage is the larger copolarized transmittance, which degrades the "zero" vs "large" transmittance picture, which we discussed in Section 5.2.) The results of Figure 7 show the possibility to transfer and exploit our structure potential and functionalities also in the optical region, despite the non-size-scalability of the magnetic metamaterial response up to this region (implying also that the strength of the magnetic response is not always essential for significant asymmetric transmission achievement).
■ CONCLUSIONS
We studied theoretically and experimentally the asymmetric transmission properties and the polarization control capabilities Figure 6 . Simulated orientation angle, ψ (blue solid line), and ellipticity angle, χ (red dashed line), of the polarization ellipse for the wave transmitted through the 3D SCR metamaterials under consideration, when the metamaterial is excited by an x-polarized incident wave propagating along the forward z-direction.
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Article DOI: 10.1021/ph5003818 ACS Photonics XXXX, XXX, XXX−XXX of a novel 3D infrared metamaterial structure obtained by employing direct laser writing and selective silver coating. The structure is composed of two layers of split-cube resonators, mutually twisted by 90°. The experimental study was done through reflection measurements, while associated transmission and reflection simulations revealed quite large asymmetric transmission for linearly polarized waves, zero versus quite large transmittance if the structure is "seen" from two opposite directions, and 90°one-way pure optical activity. The achievement of these nice asymmetric-transmission-related properties of the structure is due to the combination of both electric and magnetic responses of the SCRs and offers additionally the possibility of impedance control (adjusting thus the asymmetric transmission values) and of "one-way" backward propagation. Finally we showed that the nice asymmetric transmission properties of the structure can be transferred and exploited also in the optical region by uniformly scaling the structure unit cell.
In summary, the present study showed that this type of three-dimensional asymmetric transmission structure like the one discussed here, which involves both magnetic and electric resonators, offers unique capabilities in polarization control, something that makes them significant candidates for polarization manipulation components in optics.
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Structure fabrication (a) Fabrication of metallic 3D SCR structures
Firstly, dielectric 3D structures were fabricated using an organic-inorganic hybrid material with metalbinding moieties. They were subsequently metallized using electroless plating. The material synthesis, dielectric structure fabrication and silver coating are described in the following paragraphs.
All chemicals were obtained from Sigma-Aldrich, and used without further purification.
Materials Synthesis:
The synthesis of the photopolymer used for the fabrication of 3D metamaterial structures on glass substrates has been described previously 1, 2 . It consisted of Methacryloxypropyl Trimethoxysilane (MAPTMS), Zirconium n-Propoxide (ZPO, 70% in propanol,) and 2-(dimethylamino)ethyl methacrylate (DMAEMA). MAPTMS and DMAEMA were used as the organic photopolymerizable monomers, while the latter also served as a metal-binding moiety. ZPO and the alkoxysilane groups of MAPTMS were used to form the inorganic network. Michler's ketone (4,4-bis(diethylamino) benzophenone, BIS) at 1% w/w concentration to the final solution MAPTMS and DMAEMA composite was used as a photoinitiator.
The samples were prepared by drop-casting onto 100 micron-thick silanized glass substrates, and the resultant films were dried in an oven at 50 °C for 10 minutes before photopolymerization.
3D structure fabrication:
The DLW experimental setup has been described previously 3 . For the multiphoton polymerization, a Ti:Sapphire femtosecond laser oscillator (800 nm, 75MHz, Femtolasers Fusion) was used. This light source is equipped with integrated dispersive mirrors that pre-compensate the beam delivery and focusing optics to achieve sub-20fs duration pulses inside the sample. The laser beam was focused using a high numerical aperture focusing microscope objective lens (40x, N.A. = 0.95, and 100x, N.A. = 1.4, Zeiss, Plan Apochromat). The photopolymerized structure was generated by moving the sample, using x-y-z piezoelectric and linear stages (Nanocube, PI). The beam was controlled using a mechanical shutter (Uniblitz), while the light intensity was adjusted by a motorized attenuator (Altechna). A CCD camera was mounted behind a dichroic mirror for online monitoring of the polymerization process. The structures were fabricated in a layer-by-layer fashion with the last layer on the surface of the coverslip.
Silver Coating: The metallization process is a modification of that described previously 1, 2 , and it comprised three main steps: first, treatment of the structure surface with a metal ion precursor to allow the S2 binding of the metal species onto the 3D structures. Next a metal reduction step to form the metal nanoparticle seeds on the nanostructures, and finally, a silver bath/plating process to obtain the metalcoated structures.
Thus, 0.08493gr of Silver nitrate (AgNO 3 ) was added in 10 ml of nanopure water (H 2 O, 18.2 MΩ cm) for 38-42 hr, in order to create a thin layer of silver ions on the polymer. Secondly, 1.5 gr of sodiumborohydride (NaBH 4 ) was dissolved in 16 ml of H 2 O for 20-22 hours in order to reduce the silver ions to nanoparticles. Finally, the solutions mentioned above were mixed at room temperature and were stirred thoroughly until a homogeneous solution was obtained.
For the plating procedure three more solutions were made: 5.47 gr of glucose in 16 ml H 2 O, 0.339 gr of AgNO 3 in 10 ml H 2 O, and 0.37 gr of ammonia in 6 ml H 2 O. The solutions above were mixed in a certain sequence; ammonia in silver nitrate solution, and finally the glucose solution. The 3D structured samples were immersed in the resultant solution for 35-60 sec until the color of solution turned to black. Finally, the silver-coated 3D structures were dried in air at room temperature before being measured.
(b) Characterization techniques
The morphology of the 3D metamaterial structures was studied using a Field Emission JEOL JSM 7000F SEM. The samples were sputtered with 5-10 nm gold and the observation was made at 15 kVolts.
Figures S1(a)-(c) illustrate SEM images of the fabricated 3D SCR samples (check Fig. 1 of manuscript for details). As it can be observed, the 3D SCR samples are structured accurately, without distortion and no defects or metal remains on the glass substrate.
S3
Polarization transformer response
Taking into account the Stokes Parameters 4 and the approach by Bassiri et al. 5 we calculated the orientation angle (ψ) of the polarization ellipse and the ellipticity angle (χ) (see Fig. S2 ) of the wave transmitted through the metamaterial structure. This approach is applied to any wave of the form ). The four Stokes parameters, which describe completely the state of polarization of the wave 28 , are defined by
where the * denotes the complex conjugate. The power carried by the wave is proportional to S 0 , and the orientation angle ψ of the polarization ellipse (see Fig. S2 ) is given by:
tan(2ψ) = S 2 /S 1 (0 ≤ ψ ≤180˚), (5) and the ellipticity angle χ (see Fig. S2 ) is given by: 
